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Novel cultivation strategies for bacteria are widespread and well described for recovering
greater diversity from the “hitherto” unculturable majority. While similar approaches have
not yet been demonstrated for fungi it has been suggested that of the 1.5 million estimated
species less than 5%have been recovered into pure culture. Fungi are known to be involved
in many degradative processes, including the breakdown of petroleum hydrocarbons, and
it has been speculated that in Polar Regions they contribute signiﬁcantly to bioremedia-
tion of contaminated soils. Given the biotechnological potential of fungi there is a need
to increase efforts for greater species recovery, particularly from extreme environments
such as sub-Antarctic Macquarie Island. In this study, like the yet-to-be cultured bacte-
ria, high concentrations of nutrients selected for predominantly different fungal species
to that recovered using a low nutrient media. By combining both media approaches to
the cultivation of fungi from contaminated and non-contaminated soils, 91 fungal species
were recovered, including 63 unidentiﬁed species. A preliminary biodegradation activity
assay on a selection of isolates found that a high proportion of novel and described fungal
species from a range of soil samples were capable of hydrocarbon degradation and should
be characterized further.
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INTRODUCTION
The isolation of fungi into pure culture has been severely lim-
ited. Of the estimated 1.5 million species that are thought to exist
less than 5% have been successfully recovered into pure culture
(Hawksworth, 2001; O’Brien et al., 2005). Given the biotechnolog-
ical potential of fungal enzymes there is a need to increase efforts
for greater species recovery. Limitations in cultivation methods
are thought to be attributed to fast-growing fungal species out-
competing slower growing species, many fungi are not adapted
to growth in high nutrient media, and a proportion of fungi
will not sporulate in artiﬁcial culture media (Taylor et al., 2000;
O’Brien et al., 2005). Additionally, traditional cultivation meth-
ods result in biases toward culturing predominantly from the
Ascomycota phylum. Novel cultivation methods for the recov-
ery of yet-to-be cultured species have been well described for
bacteria and include the application of simulated natural envi-
ronments, extended incubation times, and/or the use of limited
nutrients (Janssen et al., 2002; Kaeberlein et al., 2002; Rappe et al.,
2002; Ferrari et al., 2005). The development of a high-throughput
dilution-to-extinction approach has been developed for fungi that
increased species richness signiﬁcantly (Collado et al., 2007).How-
ever, novel approaches to culturing fungi that utilize low levels of
nutrients or simulated natural environments have not yet been
adopted.
Macquarie Island is a sub-Antarctic Island located in the south-
ern ocean, halfway between Antarctica and Australia. It is a world
heritage listed area and is a breeding site for millions of migrat-
ing mammals and birds. The main features of Macquarie Islands
climatic conditions include small variations in temperature rang-
ing between an average of 3.25 in July to 7.05 in January, strong
prevailing winds and a high number of days with precipitation. A
permanent Australian Antarctic Research station has been present
on the northern isthmus of the island since 1948. Consequently,
the island has experienced a legacy of contamination events result-
ing from petroleum hydrocarbon fuel spills in the form of Special
Antarctic Blend (SAB) diesel fuel (Rayner et al., 2007).
Fungi play a central role in biodegradation or decomposi-
tion and are producers of an array of extracellular enzymes.
In particular, ﬁlamentous fungi have been implicated in the
biodegradation of a wide range of aromatic hydrocarbons and
thus they could contribute signiﬁcantly to bioremediation efforts
(Prenafeta-Boldu et al., 2006; Hughes et al., 2007; Hughes and
Bridge, 2010). Petroleum contamination is a global problem and
in Polar Regions these spills result in extensive damage to ecosys-
tems as cold region ecosystem recovery is a much slower process
than inwarmer regions (Aislabie et al., 2001). In theAntarctic, over
1,000 accepted fungal species have been described, the majority of
which are widely distributed or cosmopolitan species (Hughes and
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Bridge, 2010). Contamination of Antarctic soils with hydrocar-
bons has been reported to result in soils becoming dominated by
high numbers of hydrocarbon degrading ﬁlamentous fungi such
as Phialophora sp. and Hormoconis resinae (Kerry, 1990; Aisla-
bie et al., 2001). It is expected that in sub-Antarctic Macquarie
Island similar species would also appear following petroleum
hydrocarbon contamination.
Little information exists on the fungal diversity of Macquarie
Island with only leaf and litter-colonizing fungi such as Geomyces
sp., Mortierella sp., Penicillium sp., Phoma sp., and Acremonium
sp. previously isolated (Kerry, 1990). Climatic conditions on the
island are well suited to fungal growth, which suggests they should
dominate the soil ecosystem. Until now, the Islands soil fungal
diversity, the effect of diesel fuel spills on natural fungal diversity,
and the potential role of local fungal species in hydrocarbon degra-
dationhasnot yet been investigated. In this study,a traditional high
nutrient and a low nutrient approach were used to recover greater
fungal species diversity fromboth pristine and SABdiesel fuel con-
taminated soil from Macquarie Island. The result was the recovery
of 91 species including a high number of previously unidentiﬁed
species from both types of nutrient media used. A dramatic shift
in fungal diversity was observed with increasing concentrations of
SAB diesel fuel and several presumptive hydrocarbon degrading
species were isolated. Of the 63 potentially novel species recovered,
those isolated from high concentrations of SAB and those which
exhibit the ability to grow in the presence of petroleum hydro-
carbons will be targeted for further characterization to determine
their role in hydrocarbon degradation.
MATERIALS AND METHODS
FIELD COLLECTION
Soil samples were collected near the Australian Antarctic
Research station at sub-Antarctic Macquarie Island (54˚37′53′′S,
158˚52′15′′) during February 2009. Approximately 1 kg of soil was
excavated from the top0–30 cmof 1m× 1mplot of similar terrain
and 170m away from the largest contaminated site without SAB
contamination. The carbon and water content were determined
to be 3.2 and 24% respectively (Rayner et al., 2007). The soil was
divided into eight subsamples and spiked with SAB diesel fuel
over the range of 0–20000mg kg−1, homogenized and incubated
at 10˚C for 10 days. To determine ﬁnal total petroleum hydrocar-
bon (TPH) concentrations a portion (10 g) from each spiked soil
sample was extracted with hexane and analyzed by gas chromatog-
raphy (Rayner et al., 2007). Table 1 provides the nominal verses
ﬁnal TPH concentrations obtained after SAB diesel fuel spiking.
CULTIVATION OF FUNGI FROM SOIL
Fungiwere isolated fromsoil following incubationof each soil sub-
sample with SAB diesel fuel. In each case, 1 g of each soil sample
were suspended into 10ml of sterile distilled water in a 15-ml ster-
ile plastic tube. The suspension was vortexed for 5min and then
large particles were allowed to settle for a further 5min. Serial
dilutions were then prepared up to a ﬁnal concentration of 10−5.
For each soil sample, 1ml of the 10−3, 10−4 and 10−5 dilutions
were spread onto large agar plates in triplicate.
Two forms of Cooke Rose Bengal agar (CRBA) were used for
the selective isolation of fungi. Standard 1× CRBA contained 10 g
Table 1 |Total petroleum hydrocarbon concentrations in spiked soil
samples (mg kg−1).
Nominal SAB concentration FinalTPH concentration
0 <50
50 <50
100 <50
250 84
500 247
1,000 628
10,000 9,744
20,000 15,030
glucose, 5 g Bacto soytone enzymatic digest of soybean meal, 1 g
KH2PO4, 0.5 g MgSO4·7H2O, 35mg Rose Bengal (Sigma-Aldrich)
and 20 g agar (Oxoid, Sydney, Australia) per 1 L sterile distilled
water (Atlas, 2010). The low nutrient media or 0.1× CRBA was
prepared consisting of 1 g glucose, 0.5 g Bacto soytone enzymatic
digest of soybeanmeal,0.1 gKH2PO4,0.05 gMgSO4·7H2O,3.5mg
Rose Bengal and 20 g agar (Oxoid) per 1 L sterile distilled water.
In order to inhibit bacteria growth, streptomycin sulfate (Sigma-
Aldrich, Sydney, Australia) was also added to both types of media
at a ﬁnal concentration to 50mg/L at 46˚C following sterilization
by autoclaving.
The agar plates were sealed and incubated at 15˚C in the dark
for 3weeks as this temperature has been used previously for sub-
Antarctic fungi (Kerry, 1990). Following incubation, each agar
plate dilution contained diverse fungal colony morphotypes for
both media. Subsequently, all three dilutions of soil from both the
1× and 0.1× CRBA agar plates were used for sub-cultivation onto
potato dextrose agar (PDA). PDA consisted of 24 g potato dex-
trose broth (Sigma-Aldrich, Castle Hill, Australia) and 15 g agar
per 1 L of sterile distilled water. Each fungal morphotype observed
was sub-cultured by transferring hyphal tips, colonies, or spores
to PDA plates for incubation for a further 3weeks at 15˚C. Sub-
cultivation was repeated at least three times until pure cultures
were obtained.
ISOLATE PRESERVATION
A 15% glycerol solution was prepared for long-term preservation
of fungal isolates at −80˚C. For spore producing isolates or fungal
mycelia growing on agar surface cultures, 2ml of the sterile pre-
servingﬂuidwas placedon the surface of agar plates and fungiwere
gently scraped off with a pipette. Then a portion of the spore or
mycelial suspensionwas placed into two 2ml screw cappolypropy-
lene vials. For non-sporulating isolates or fungal mycelia that grew
deep within the agar cultures, several ﬁve agar plugs were cut from
agar plates using a sterilized surgical blade and were placed into
a screw cap polypropylene vial containing 0.5–1.0ml of the 15%
glycerol solution. The vials were frozen at −20˚C overnight, then
transferred to storage at −80˚C.
DNA EXTRACTION
Two DNA extraction methods were used for extraction of total
genomic DNA from pure fungal isolates. For the ﬁrst round,
the prepGEM™ Tissue kit (ZyGEM, Hamilton, New Zealand)
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previously used for parasite DNA extractions was modiﬁed for
fungi (Ferrari et al., 2007). For each isolate, a portion of a colony
was scraped from the agar plates using an inoculating loop and
transferred into a 1.5-ml microcentrifuge tube containing 89μl
ultra purewater, 10μl of 10× buffer, and 1μl prepGEM™enzyme.
Samples were then incubated at 75˚C for 15min followed by 95˚C
for 5min using a MyCycler Thermocycler (Bio-rad, Gladesville,
Australia). The DNA lysates were then transferred into fresh 1.5ml
tubes and centrifuged at 14 000 rpm for 1min. Finally,DNA lysates
were removed from the precipitated residue and placed into a
500-μl tube and stored at −20˚C until required.
If DNA or PCR products were not detectable following
prepGEM™ extractions a second round of DNA extracts were pre-
pared using a modiﬁed bead beating method. For each isolate, ﬁve
agar plugs containing a fungal colony were cut from agar plates
using sterile surgical blades. Each piece of agar was then placed
into a screw cap 2ml microcentrifuge tube containing 0.5 g of 0.1
and 0.5mm glass beads (Mo bio, Carlsbad, USA) and 1, 000μl
ultra pure water. Tubes were homogenized using the FastPrep 120
instrument (MP Biomedicals, Seven Hills, Australia) for 40 s at a
speed setting of 6.0. Finally, DNA extracts were incubated at 95˚C
for 5min and centrifuged at 14000 rpm for 1min. The DNA lysate
was removed and placed in a 500-μl tube for storage at −20˚C
until required.
ITS SEQUENCE AMPLIFICATION
The fungal internal transcribed spacer (ITS) gene sequences
were ampliﬁed using previously published ITS speciﬁc primers
(Table 2). All PCR primer sets were obtained from Integrated
DNA Technologies (McLeans Ridges, Australia) and PCR’s were
carried out using the MyCycler Thermocycler.
For the majority of samples the fungal ITS sequence was ampli-
ﬁed using the ITS1/ITS4 primer set (White et al., 1990). The PCR
ampliﬁcation was performed in 50μl reaction mix containing
22μl ultra pure water, 25μl GoTaq hot start Green Master Mix
(Promega, Doncaster, Australia), 0.5μl of each primer, and 2μl
DNA template. The PCRprogramconsisted of initial denaturation
step at 94˚C for 5min, followed by 40 cycles of 94˚C for 1min, 55˚C
for 30 s, 72˚C for 2min followed by a ﬁnal extension step at 72˚C
for 5min. The PCR products were visualized by gel electrophore-
sis on a 2% agarose gel with the addition of SYBR safe DNA gel
stain (Invitrogen, Sydney, Australia) at a concentration of 0.01%
and exposure to UV light. The expected size of ITS region was
Table 2 | Primer sets used for ITS gene PCR amplification and
sequencing.
Primer Sequence Target gene Reference
ITS1 5′-TCC GTA GGT
GAA CCT GCG G-3′
Fungal ITS White et al. (1990)
ITS4 5′-TCCTCC GCTTAT
TGATAT GC-3′
Fungal ITS White et al. (1990)
NSI1 5′-GATTGA ATG GCT
TAGTGA GG-3′
Fungal ITS Martin and Rygiewicz
(2005)
NLB4 5′-GGATTCTCA
CCCTCT ATG AC-3′
Fungal ITS Martin and Rygiewicz
(2005)
500–700 bp. PCR products were then puriﬁed using the QIAquick
PCR Puriﬁcation Kit (Qiagen, Castle Hill, Australia).
The NSI1/NLB4 primer set was also used which targets the
ITS region and was used if the ITS1/ITS4 primer set did not pro-
duce a PCR amplicon (Table 2). The PCR reaction mix for the
NSI1/NLB4 primer set was identical to the ITS1/ITS4 primer set.
The PCR program consisted of an initial denaturation step at 95˚C
for 5min, 35 cycles of 95˚C for 30 s, 60˚C for 40 s, 72˚C for 40 s fol-
lowedby aﬁnal extension at 72˚C for 5min (Martin andRygiewicz,
2005).
RESTRICTION FRAGMENT LENGTH POLYMORPHISM ANALYSIS AND
DNA SEQUENCING
Internal transcribed spacer PCR amplicons were digested with the
restriction enzymes HaeIII and RsaI (Promega) as described by
Imad et al. (2010) and Korabecna (2007) respectively (Korabecna,
2007; Imad et al., 2010). Brieﬂy, 15μl PCR product, 2.63μl ultra
pure water, 2μl 10× buffer C, 0.2μl 100× BSA (Promega) and
0.17μl of each restriction enzyme were placed in 96 well PCR
plates (Bio-rad), sealed with Microseal Foil (Bio-rad), and incu-
bated overnight at 37˚C. The digested products were visualized on
a 2% agarose gel with SYBR safe DNA gel stain. Based on the DNA
ﬁngerprint for both restriction enzymes, each single ribotype was
selected for DNA sequencing.
DNA sequencing was performed for each strand of all posi-
tive ampliﬁcation products using the ITS1 and ITS4 primers using
the Big Dye Terminator Cycle Sequencing Kit (Applied Biosys-
tems, Mulgrave, Australia) as described by the manufacturer. The
sequencing analysis was carried out using the 3730 sequence
scanner (Applied Biosystems) in the Ramaciotti Centre Sequenc-
ing Facility (School of Biotechnology and Biomolecular Sciences,
UNSW, Sydney).
IDENTIFICATION AND PHYLOGENETIC ANALYSIS OF ISOLATES
The partial sequencing results were analyzed using appropri-
ate programs within the NCBI database; nucleotide blast and
ClustalX. For identiﬁcation of isolates, morphologic informa-
tion was combined with ITS sequence matches obtained within
the GenBank database. Fungal ITS sequences for all 91 isolates
were deposited into GenBank database under accession numbers
JN104511–JN104578 (Table 3).
PETROLEUM HYDROCARBON BIODEGRADATION SCREENING
Bushnell Haas broth was selected for petroleum hydrocarbon
biodegradation screening of fungal isolates. Prior to screening, a
selection of pure cultures was tested for the ability to grow in liquid
medium. Twenty fungal isolates from both pristine and contami-
nated soils were incubated in 50ml of special nutrient broth (SNB)
in 250ml ﬂasks for 1week at 15˚C. The twelve isolates that were
capable of growth in broth were next examined for the ability for
growth and activity on petroleum hydrocarbons in the form of
SAB diesel fuel.
Bushnell Haas broth was prepared by adding 0.2 g
MgSO4·7H2O(Ajax Finechem),0.02 gCaCl2 (Ajax Finechem),1 g
KH2PO4 (Ajax Finechem), 1 g K2HPO4 (Ajax Finechem), 0.05 g
FeCl3 (Ajax Finechem), 1 g NH4NO3 (Ajax Finechem), and sterile
distilled water to ﬁnal volume of 1 L. After autoclaving for 30min
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at 15 psi for 121˚C, 1% v/v SAB diesel fuel (10ml/L), 1ml Tween
80 (Sigma-Aldrich) and 1mg redox indicator 2,6-dichlorophenol
indophenol (Sigma-Aldrich) were added into the Bushnell Haas
broth for activity screening (Hanson et al., 1993; George-Okafor
et al., 2009). For screening, 10ml of Bushnell Haas (w/out SAB
diesel fuel) medium was distributed into each well of a six well
culture plate (Sarstedt). A portion (50μl) of each pure fungal
culture was inoculated into screening medium containing SAB
(in triplicate) into the six well plate and into media without SAB
which served as the negative control (in triplicate). Incubation was
carried out at 15˚C for 3weeks. A color change in the media from
deep–blue to colorless indicated redox reactions were occurring in
the media and monitoring was performed daily.
STATISTICAL ANALYSIS
A two-way analysis of similarity test (ANOISM) test was carried
out using Primer v6 software (Primer-E Ltd, Ivybridge, United
Kingdom) to determine if the fungal diversity recovered between
the low and high nutrient approach was signiﬁcantly different.
Primer v6 software is used for multivariate statistical analysis in
ecological and environmental science, particularly for the analysis
of species distribution and abundance. After raw data from each
SAB diesel fuel concentration and culture medium was collected,
the data were compiled into a data matrix within Primer v6 and
multivariate data analysis was conducted using Plymouth routines
in multivariate ecology research as described in the software man-
ual. The Fungal assemblage data was square root transformed to
balance the relative contribution of dominant species. After cre-
ating a resemblance matrix the similarity between samples was
calculated on the basis of the Bray–Curtis coefﬁcient (Clarke and
Green, 1998). The similarity results representing the biological
relationshipwere then examined using hierarchical clusteringwith
group-average linkage and non-metric multi-dimensional scaling
(NMDS) ordination plots. The distances between pairs of sam-
ples on the NMDS ordination plot reﬂect the relative similarity
of species composition. Clusters (at various levels of similarity)
superimposed on the NMDS ordination plot, ascertain the level of
agreement between the clustering with group-average linkage and
the NMDS methods. Global R values that result from these analy-
ses provides an absolute measure of how separated the groups are,
on a scale of 0 for groups that are indistinguishable, to a value
of 1, where all similarities within groups is less than any similar-
ity between groups. To determine the signiﬁcance of the variables
between samples, fuel concentration, and media type were tested
against 999 permutations.
RESULTS
FUNGAL CULTIVATION USING BOTH A HIGH AND A LOW NUTRIENT
MEDIA
In total, 9,699 fungal isolates were recovered from the range of
soil samples investigated. Based on the distinct macroscopic mor-
phological characteristics of these isolates, 156 fungal isolates
were selected for sub-cultivation on PDA until pure cultures were
obtained for molecular identiﬁcation. Following DNA extraction,
134 PCR ampliﬁcation products were obtained yielding products
between 500 and 700 bp in length for distinct isolates. Follow-
ing RFLP analysis, 69 different ribotypes were selected for DNA
sequencing. In an attempt to identify as many isolates as possible,
DNA sequencing results were then combined with macroscopic
and microscopic morphologic information. Finally, of the 69
different ribotypes sequenced; 28 isolates were identiﬁed to the
species; and 21 to the genus level (Table 3). Due to the low match
similarity or uniquemorphological characteristics,20 isolateswere
not able to be identiﬁed to the genus level, using each available
primer set and were termed unidentiﬁed fungus 1–18, 24, and
41–42. Of these, twenty were identiﬁed to phylum level based on
microscopic morphological information only and one additional
isolate (CZ24) could not be classiﬁed into any fungal phylum due
to it’s unusual ITS gene sequence and morphological character-
istics. The remaining 22 isolates did not yield PCR ampliﬁcation
products using primer sets ITS1/ITS4 and NSI1/NLB4 and were
termed unidentiﬁed fungus 19–23 and 25–40.
COMPARISON OF SPECIES DIVERSITY RECOVERED BETWEEN THE HIGH
AND LOW NUTRIENT MEDIA APPROACH
Of the 91 fungal species recovered, the high nutrient culture
approach recovered 52 species (57% of total species) from among
5,227 isolates and the low nutrient approach recovered 50 species
(55% of total species) from among 4,472 isolates. Both culture
media recovered a high proportion of singletons, which in total
represented 67% of total species diversity. Additionally, a high
number of unidentiﬁed species were recovered from both culture
media used, 34 species (37% of total species) were isolated using
the high nutrient media and 33 species (36% of total species) were
isolated using the low nutrient media. Statistical results conﬁrmed
that the selection of media did signiﬁcantly alter the recovered
species distribution due to a global R value of 0.542 and P value
of 0.001 (Figure 1). The SAB diesel fuel concentration within the
spiked soil samples used for cultivation resulted in an even greater
effect on downstream species distribution as revealed by a statis-
tically signiﬁcant global R value of 0.916 and P value of 0.001.
Furthermore, a greater number of novel species were recovered
from the low nutrient media, including two unidentiﬁed species
from the 10,000-mg/kg SAB spiked soil samples (Tables 3 and 4).
THE DISTRIBUTION AND ABUNDANCE OF RECOVERED FUNGAL
DIVERSITY
The distribution and abundance data revealed that 52 species
(57% of total species) belonged to phylum Ascomycota, 15 species
(16% of total species) belonged to phylum Basidiomycota and one
species (1% of total species) was identiﬁed within the Mucoromy-
cotina, sub-phylum incertae sedis. Of these, only 11 species were
recovered by both the high and low nutrient media approach
(Tables 3 and 4). These species were the most dominant recov-
ered from a range of both pristine and contaminated soil samples
and represented both indigenous; Antarctomyces psychrotrophicus,
Geomyces pannorum (4.97 and 1.8% of isolates respectively) and
cosmopolitan species; Pseudeurotium bakeri, and Arthroderma sp.
1. (87 and 3.4%of isolates respectively; Table 3). Furthermore, 4 of
the 11 dominant species; Arthroderma sp. 1 (CZ02), Exophiala sp.
(CZ06), Leptodontidium sp. 1 (CZ25), and Hypocrea sp. (CZ90)
represented potentially novel species based on low ITS sequence
identity similarity combined with distinct morphological charac-
teristics to their closest cultured organism. Arthroderma sp. 1 and
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FIGURE 1 | Non-metric MDS configuration plot comparing
the fungal diversity recovered from low or high nutrient
media. Non-metric multi-dimensional scaling (NMDS) plot of
similarities calculated using the bray–curtis coefﬁcient using square
root transformed fungal diversity data. The NMDS plot includes
superimposed clusters at similarity levels of 20% (blue line)
and 60% (green line). Results conﬁrmed that the selection of
media did signiﬁcantly alter the recovered species distribution due to a
global R value of 0.542 and P value of 0.001. The SAB diesel fuel
concentration within spiked soil samples resulted in an even greater effect
on recovered species distribution as revealed by a global R value of 0.916
and P value of 0.001.
Table 4 | Diversity and abundance of fungal species recovered from soil
using both a high and a low nutrient media approach to cultivation.
High nutrient
media
Low nutrient
media
Combined
media
Total isolates 5,227 4,472 9,699
Species richness 52 50 91
Species/soil sample 9.6±6.7 8.9±6.2 9.3±6.2
Singletons 32 29 61
Unidentiﬁed fungi 34 33 63
Exophiala sp. were prevalent in pristine and highly contaminated
soil samples. Exophiala sp. (CZ06) exhibited 98% similarity to
Exophiala salmonis while Arthroderma sp. 1(CZ02) exhibited 91%
similarity to Arthroderma melis.
Fungal abundance data showed that there were a couple of
dominant species present in sub-Antarctic soil with a high pro-
portion of singletons recovered (Tables 3 and 4). Pseudeurotium
bakeri (CZ03)was isolated fromall of the SABdiesel contaminated
soil samples and was the most abundant fungal species present
in the range of soil samples examined. This species increased in
abundance by 100-fold as the SAB diesel concentration reached
1,000 and 20,000mg/kg of soil compared with low levels of
contamination (data not shown).
THE EFFECT OF INCREASING CONCENTRATIONS OF SAB DIESEL FUEL
ON RECOVERED FUNGAL DIVERSITY
The 91 fungal isolateswere classiﬁed to class and sub-phylum levels
to investigate the species distribution over the range of SAB diesel
fuel spiked soil samples. In summary, these fungi belonged to eight
class, one sub-phylum incertae sedis and four unclassiﬁed groups
(Table 2 and Figure 2). The effect of increasing concentration of
SAB diesel fuel on diversity at the class-level showed that fungal
diversity increased at lower concentrations and decreased at higher
concentrations of SAB diesel fuel. Moreover, with increasing con-
centrations of SAB diesel fuel, the population shifted toward an
increase in unidentiﬁed fungal species (Figure 2).
At the class-level the greatest diversity was recovered from
within pristine soil using both the dilute and high nutrient media,
with a high proportion of species from within Eurotiomycetes,
Leotiomycetes, Saccharomycetes, and Sordariomycetes recovered.
With increasing concentrations of SAB diesel fuel, the population
shifted toward an overall increase in unidentiﬁed fungal species
and an emergence of fungi from within the Dothideomycetes and
Microbotryomycetes class. At 250–500mg/kg SAB diesel fuel a
second shift in diversity was observed with a higher proportion
of unidentiﬁed fungi recovered as well as species belonging to
the Agaricomycetes, Sordariomycetes, and Tremellomycetes class.
At high concentrations of SAB diesel fuel exceeding 1,000mg/kg
SAB, the diversity became more limited to the Eurotiomycetes
and Leotiomycetes class as well as unidentiﬁed species from
the dilute media only (Figure 2). This reduction in diversity
was combined with an overall increase in total colony form-
ing units with one species Pseudeurotium bakeri (Leotiomycetes;
CZ03) highly abundant in the 10,000 and 20,000-mg/kg samples
(Table 3).
ISOLATION OF SUB-ANTARCTIC FUNGI FROM SOIL SPIKED WITH SAB
DIESEL FUEL BIODEGRADATION SCREENING
Medium to high levels of SAB diesel fuel contamination selected
for a change in fungal diversity toward isolates similar to previously
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FIGURE 2 | Proportional distribution of fungal ITS sequences
at the Class-level isolated from a range of SAB diesel fuel spiked
soil samples. (A)The distribution of OTUs recovered on high nutrient
media. (B)The distribution of OTUs recovered on low nutrient
media. The fungal diversity recovered changed signiﬁcantly as the
concentration of SAB diesel fuel increased. The greatest level of
diversity was observed in the uncontaminated soils for both media
used. At low concentrations of SAB diesel fuel, a shift in fungal
diversity was observed including a small proportion of unidentiﬁed
species.While in the highly contaminated soil samples the diversity
decreased and was limited to the Eurotiomycetes and Leotiomycetes
class only.
describedhydrocarbondegrading species (Table 3,Figure 2).Most
notable was Pseudeurotium bakeri (CZ03), which was found to
dominate the soil samples as the concentration of SAB diesel fuel
increased above 1,000-mg/kg soil (Table 2). A diverse range of
fungi were isolated from soil spiked with high concentrations of
SAB diesel fuel exceeding 10,000-mg/kg, including Arthroderma
sp.,Aspergillus sp.,Geomyces sp.,Exophiala sp.,Penicillium sp., and
two previously unidentiﬁed species (CZ40 and CZ42; Table 3).
A selection of 12 of an initial 20 fungal isolates recovered from
pristine and contaminated soils was capable of growth in liquid
media. These 12 isolates were examined for the ability to grow
in the presence SAB diesel fuel as the only carbon source. The
addition of a redox indicator was also used to screen isolates
for hydrocarbon biodegradation activity (Table 5). A range of
biodegradation activity was observed for the fungal isolates tested.
Novel species from within the Exophiala (CZ06), Arthroderma
(CZ02), and Penicillium (CZ36) genera did exhibit the ability to
grow in the presence of SAB diesel fuel and require further charac-
terization. Amongst those capable of the greatest biodegradation
activity observed,Trichophyton sp. (CZ13) was isolated from non-
contaminated soil. Despite Penicillium coprophilum (CZ37) and
Neonectria radicicola (CZ22) both being isolated from soil spiked
with high concentrations of SAB diesel fuel no biodegradation
activity was observed for these isolates.
DISCUSSION
A re-emergence in the development of bacterial cultivation strate-
gies over the last decade has resulted in the successful cultivation
of predominantly slow-growing, previously undescribed species
from a range of bacterial phylum (Janssen et al., 2002; Kaeber-
lein et al., 2002; Rappe et al., 2002; Ferrari et al., 2005). Here,
the combination of a low nutrient and a traditional high nutrient
approach to the cultivation of fungi resulted in 91 yeast and ﬁl-
amentous fungi being isolated from Macquarie Island soil. The
application of the low nutrient approach to the cultivation of
soil fungi resulted in a signiﬁcantly different population being
recovered from both non-contaminated and highly contaminated
soils then that recovered using the high nutrient media approach
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Table 5 | Biodegradation activity of a selection of isolates with SAB
diesel fuel as the sole carbon source.
Fungal isolate SAB concentration
in soil* (mg/kg)
Biodegradation
activity#
Volutella ciliata (CZ09) 0 −
Trichophyton sp. (CZ13) 0 +++
Torula caligans (CZ16) 0 +
Neonectria radicicola (CZ22) 0 −
Antarctomyces
psychrotrophicus (CZ01)
0; 50; 250; 500; 1000 +
Arthroderma sp. 1 (CZ02) 0; 50; 100; 250; 500;
1000
++
Pseudeurotium bakeri (CZ03) 50; 100; 250; 500;
1000; 10,000; 20,000
++
Geomyces pannorum (CZ05) 0; 50; 250; 500; 1000 ++
Exophiala sp. (CZ06) 0; 50; 250; 500;
10,000; 20,000
+
Aspergillus fumigatus (CZ34) 10,000 +++
Penicillium sp. 1 (CZ36) 10,000 +++
Penicillium coprophilum
(CZ37)
10,000 −
*Soil sample each fungi was isolated from.
#Biodegradation activity was scored according to a color change in media from
dark blue (−) to clear (+++).
only (Figure 1). This agrees with previous ﬁndings when a high-
throughput dilution-to-extinction technique originally developed
for bacteria was adapted for the cultivation of fungi from envi-
ronmental samples (Collado et al., 2007). The diversity of fungal
species recovered from Macquarie Island soil here highlights the
fact that novel culturing approaches should be widely adopted for
fungi. Their exists the potential to adapt the cultivation approach
further to include a range of media and to investigate the effect
of lowering the concentration of nutrients further (Watve et al.,
2000; Ferrari and Gillings, 2009). Moreover, simulating natural
environments using novel microcosm-based approaches may also
increase cultivable diversity further and should also be developed
for fungi.
Macquarie Island hosts a diverse group of yeast and ﬁlamen-
tous fungi. Yet a high proportion of isolates (69%) could not been
identiﬁed to the species level in this study using standard molec-
ular techniques targeting the highly variable ITS region (Table 3).
While the ITS region has been the most widely adopted molecular
marker for fungal taxonomic and phylogenetic studies, of the 1.5
million extant fungal species, only 14,000 sequences have been
deposited into publicly available sequence databases (Begerow
et al., 2010). Like bacterial phylogenetics, this is not surprising
as widely utilized fungal primer sets were designed using a lim-
ited diversity of sequences that were available over two decades
ago (O’Brien et al., 2005; Begerow et al., 2010; Mohamed and
Martiny, 2011). Molecular targets such as the 18S rDNA, 28S
rDNA, and mitochondrial cytochrome C oxidase I gene (COI)
genes offer potential alternatives for the identiﬁcation of a range
of isolates but there are even greater limitations on the diversity
of sequence data available in public databases. Therefore, there
is a requirement to design updated ITS primer sets that target a
greater range of species belonging to the fungal domain (Guarro
et al., 1999).
Fungal biodiversity obtained from sub-Antarctic Macquarie
Island soil conﬁrmed the presence of both indigenous and widely
distributed cosmopolitan species that have been identiﬁed in
Antarctic regions (Ruisi et al., 2007). Both yeasts and ﬁlamen-
tous fungi were recovered from predominantly the Ascomycota
phylum, as well as a small proportion from the Basidiomycota
and the Mucoromycotina sub-phylum incertae sedis. The isola-
tion of Geomyces pannorum, Antarctomyces psychrotrophicus, and
Cryptococcus sp. supports the hypothesis that these species are
endemic or indigenous to Antarctic and sub-Antarctic regions
(Arenz et al., 2006, 2011; Hughes et al., 2007; Ruisi et al., 2007).
Antarctomyces psychrotrophicus has been repeatedly reported as
an Antarctic indigenous fungal species and this is the ﬁrst report
of the species being isolated from a sub-Antarctic region. While
cosmopolitan species, those found widely distributed in a range
of temperate environments, were also isolated including the ﬁl-
amentous fungus Cladosporium cladosporioides and the relatively
commonBasidiomycete yeast Sporobolomyces sp. (Blanchette et al.,
2010; Hughes and Bridge, 2010).
The majority of fungi that have been reported to be involved in
aromatic hydrocarbon breakdown have been found to belong to
two major genera, Cladophialophora and Exophiala (Prenafeta-
Boldu et al., 2001, 2006). While there have also been limited
reports on the tolerance and potential for petroleum hydrocar-
bon biodegradation by the Aspergillus, Penicillium, Phialophora,
Pseudeurotium,Trichophyton, andGeomyces genera following their
isolation from contaminated soils (Leahy and Colwell, 1990;
Prenafeta-Boldu et al., 2006; Hughes et al., 2007). A major shift
in fungal diversity toward Geomyces pannorum, Pseudeurotium
bakeri, Arthroderma sp., and Penicillium sp. in SAB diesel fuel
contaminated soils here combined with an increase in total colony
abundance is a phenomenon that has been observed previously in
Antarctic soils (Aislabie et al., 2001). Most notable was the domi-
nant speciesPseudeurotiumbakeri,which thrived in the presence of
high concentrations of SABdiesel fuel with 100-foldmore colonies
detected compared to that found in soil containing lower levels of
contamination.
At mid-high levels of SAB diesel fuel contamination (500–
10,000-mg/kg soil), Arthroderma sp. 1 and 2 (CZ02 and CZ29),
and Exophiala sp. (CZ06) were isolated in higher numbers than
found at lower levels of contamination, and both Exophialia sp.
and Arthroderma sp. 1 exhibited biodegradation activity. Iso-
lates within the Arthoderma sp. and Exophiala sp. genera have
previously been isolated from a range of environments pol-
luted with both monoaromatic hydrocarbons and alkanes, yet
they have also been shown to play a role in clinical infec-
tions (Cox et al., 1993; Prenafeta-Boldu et al., 2001, 2006;
Ulﬁg et al., 2002; De Hoog et al., 2006). Two novel species;
Penicillium sp. 1 (CZ36) and Geomyces sp. 4 (CZ38) and
two unidentiﬁed fungi (CZ40 and CZ42) were recovered from
highly contaminated soils and are considered here to be candi-
dates for characterization for a role in hydrocarbon biodegra-
dation. Interestingly, several novel isolates were observed to be
inhibiting bacterial growth and will also be examined for their
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potential for the production of antibacterial agents (Zhang pers
comm.).
Antarctic and sub-Antarctic regions are becoming increas-
ingly important for bioprospecting for novel fungal species, as
the potential exists for the isolation of cold-adapted enzymes
for the biotechnological industry. Cold-active enzymes provide
energy savings to processes at low temperature, as they are
more productive than their mesophilic or thermophilic homologs
(Cavicchioli et al., 2011). In this study, several novel and pre-
viously described hydrocarbon degrading fungal species were
isolated from Macquarie Island. A selection of isolates that exhib-
ited the ability to assimilate petroleum hydrocarbons in the
form of SAB diesel fuel will now be characterized further to
determine their role in hydrocarbon degradation. The poten-
tial now exists for the identiﬁcation and future exploitation of
cold-adapted enzymes from these isolates for applications into the
biotechnology industry.
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